Membrane protein, palmitoylated (MPP)-4 is a novel retina-specific member of the p55-like subfamily of membraneassociated guanylate kinases (MAGUKs). MAGUKs are known to act as scaffolding molecules for multiprotein complexes at specialized regions of the plasma membrane. The goal of this study was to characterize the MPP4 protein and to determine its location in the mammalian retina. METHODS. RT-PCR and 5Ј and 3Ј rapid amplification of cDNA ends (RACE) techniques were used to isolate and sequence the full-length bovine MPP4 cDNA. Polyclonal antisera against the bovine MPP4 protein were generated in rabbits immunized with synthetic peptides. Affinity-purified anti-MPP4 antibodies were used to investigate the properties and distribution of MPP4 in retina and transfected 293-Ebna cells by Western blot analysis and immunofluorescence microscopy. RESULTS. The full-length bovine MPP4 cDNA encodes a putative bovine MPP4 protein of 640 amino acids with a predicted molecular mass of 72.9 kDa. Affinity-purified anti-MPP4 antibodies specifically detected the MPP4 protein in extracts from retina and 293-Ebna cells transfected with the MPP4 cDNA. Immunofluorescence analyses revealed that both the bovine and porcine MPP4 proteins are localized in the connecting cilia and synaptic terminals of cone and rod photoreceptors. In addition, postsynaptic structures in the outer plexiform layer and three distinct bands in the inner plexiform layer were MPP4-positive. In porcine but not bovine retina, a subclass of cone bipolar cells were labeled with anti-MPP4. CONCLUSIONS. The concurrent presence of MPP4 in connecting cilia and synaptic structures suggests that MPP4 plays a role at membrane-cytoskeleton interfaces in distinct structural and functional compartments of bovine and porcine retinas. This work provides the basis for further investigations into the function of MPP4 as a retinal scaffolding molecule and its possible role in retinal disease. (Invest Ophthalmol Vis Sci. 
M embrane-associated guanylate kinases (MAGUKs) are proteins found in organisms from many phyla and are typically organized in a tripartite domain structure consisting of one to three PDZ domains, an src homology 3 (SH3) motif, and a guanylate kinase-like (GUK) region. 1 Additional conserved motifs present in some but not all MAGUKs include the L27 heterodimerization domain, the caspase recruitment domain, a Ca 2ϩ /calmodulin-dependent protein kinase sequence, and HOOK regions containing a binding site for the cytoskeletal protein 4.1. [1] [2] [3] The various protein modules share the capability of mediating intra-and/or intermolecular interactions, thereby enabling the MAGUKs to act as scaffolding proteins for large multiprotein complexes. At the cellular level, MAGUK proteins are localized to specialized compartments underlying the plasma membrane at sites of cell-cell contacts such as synapses or tight junctions, where they bind and cluster transmembrane receptors and ion channels, concatenate cytoskeletal elements, and organize large signaling networks. 1 Thus far, studies on MAGUK proteins in the mammalian retina have mainly been concentrated on the neuronal synapseassociated proteins (SAPs) that belong to the structurally related Drosophila discs large tumor suppressor gene (Dlg)-like MAGUK subfamily. These include PSD-95 (SAP90), PSD-93 (chapsin-110), SAP102, and SAP97, proteins that are known to be essential for synaptic function and morphology by anchoring ion channels, neurotransmitter receptors, and cell adherens molecules. 1 In the rat retina, immunocytochemical analyses showed that the four proteins are exclusively expressed at the synaptic sites of the outer (OPL) and inner (IPL) plexiform layers, where they display a clustered distribution. Labeling of PSD-95, PSD-93, and SAP97 in the OPL was presynaptic and was restricted to the inner synaptic membranes of the photoreceptor terminals. 4, 5 During ontogenesis, these SAPs show a differential distribution, indicating a specific role of each member in the establishment of synaptic contacts. 5 SAP102 is a postsynaptic protein in the OPL and has been localized to invaginating axonal processes of horizontal cells. 6 In the IPL, all four SAPs presumably colocalize at postsynaptic sites. Electron micrographs of PSD-95 or SAP102 labeling indicated an expression postsynaptic to bipolar cell ribbon synapses in the IPL; however, only one of the two processes at the bipolar cell dyad, amacrine or ganglion cell dendrites, was immunopositive. 4, 6 MAGUK proteins of the p55 subfamily are increasingly recognized as playing an important role in retinal structure and function. The p55 family constitute a subclass of MAGUKs exemplified by the major palmitoylated erythrocyte membrane protein MPP1 and currently consists of six members (MPP1 to -6) identified in various species. p55-like proteins have been demonstrated to bind to a variety of protein partners including other MAGUKs. Most interesting, MPP5 (PALS1) has recently been reported to bind the mammalian homologue of Drosophila Crumbs, CRB1, 7 a photoreceptor-specific protein that, when mutated, causes severe forms of retinitis pigmentosa (RP12) and Leber congenital amaurosis. 8, 9 In addition to CRB1, MPP5 also interacts with the multiple PDZ domain protein PATJ (PALS1-associated tight junction). In cultured epithelial cells, the assembled complex localizes to tight junctions. 7 Similarly, the orthologous Drosophila proteins Crumbs, Stardust (orthologue to mammalian MPP5), and Discs Lost (orthologue to mammalian PATJ) form a complex at the marginal zone region of the zonula adherens. 10 -12 Both vertebrate and invertebrate protein complexes have been implicated in the organization of cell junctions and the regulation of epithelial polarity. More recently, it has been shown that Drosophila Crumbs also plays a role in photoreceptor morphogenesis. Crumbs maintains the zonula adherens integrity that facilitates stalk extension and rhabdomere elongation. 13, 14 The localization of Drosophila Crumbs and mouse Crb1 to functionally equivalent apical membrane regions of photoreceptors, the stalk of Drosophila rhabdomeres, and the inner segments (IS) of mouse rod and cone photoreceptors, strongly suggests a similar function of the mammalian counterparts. 13 Although the precise role of Stardust or the mammalian MPP5 proteins in retinal physiology is not known, evidence for its involvement in retinal development comes from the analysis of zebrafish mutants displaying a loss of retinal architecture. Larval-lethal mutations in the nagie oko (nok) gene encoding the zebrafish orthologue of MPP5 produce severe disorganization of the retina with a lack of proper polarity of neuroepithelial sheets. 15 Similar to Crumbs in Drosophila and Crb1 in mouse, nok localizes to apical membranes of photoreceptors and is concentrated immediately apical to the zonula adherens, also known as the outer limiting membrane (OLM).
Recently, we have isolated and characterized the human gene encoding the p55-like MAGUK protein MPP4. 16 Expression studies using reverse transcriptase (RT)-PCR and Northern blot analyses have demonstrated that MPP4 is abundantly transcribed in the human retina, implying yet another MAGUK family member in the cellular processes underlying vision. As a first step toward elucidation of MPP4 function, we cloned the bovine MPP4 cDNA and generated specific peptide antibodies. These were used to determine the cellular distribution of MPP4 in the bovine and porcine retina. Herein, we present data showing that MPP4 is expressed in the connecting cilia and the synaptic terminals of cone and rod photoreceptors. In addition, postsynaptic elements in the OPL, as well as three bands with varicose structures in the IPL, were labeled with the anti-MPP4 antibody. In pig, MPP4 was found in a subset of cone bipolar cell bodies. Extraction studies performed with retinal tissue indicate that MPP4 is associated with membrane-bound cytoskeletal structures in the retinal cells.
MATERIALS AND METHODS

Isolation of Bovine MPP4 cDNA
Total RNA was extracted from bovine retina and reverse transcribed as described elsewhere. 16 The full-length bovine MPP4 cDNA was identified by a combination of RT-PCR with primers designed from the human MPP4 cDNA sequence (GenBank, AF316032; http://www. ncbi.nlm.nih.gov/Genbank; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD), and 5Ј and 3Ј rapid amplification of cDNA ends (RACE). Primer pair bovF4 (5Ј-CGG CAA GGA GGA TGA TAC AGT-3Ј) and bovR8 (5Ј-CCA GTA TTA AGC AGA AGG C-3Ј) was used in RT-PCR to amplify the complete coding region from bovine retinal RNA and to confirm the cDNA sequence.
Transient Expression in Ebna-293 Cells
For heterologous expression experiments, the full-length bovine MPP4 cDNA was inserted into the pCEP4 vector (Invitrogen, Carlsbad, CA). Ebna-293 cells (Invitrogen) were maintained in DMEM supplemented with 10% FCS, 2 mM L-glutamine, and 250 g/mL G418. Transfection was performed with 20 g of expression plasmid per 10-cm tissue culture plate, using the standard calcium phosphate method. Cells were harvested after 2 days and solubilized in PBS and 1% Triton X-100 for 30 minutes at 4°C. After centrifugation at 16,000g for 30 minutes, the supernatant was retained for SDS-polyacrylamide gel electrophoresis (SDS-PAGE). For immunofluorescence microscopy cells were grown on laminin-coated coverslips, fixed in 4% paraformaldehyde for 30 minutes, and immunolabeled.
Antibodies
Anti-MPP4 antisera were generated by immunizing rabbits with the bovine peptide sequence NH 2 -IQSDKGSKLPDEKDKC-CONH 2 coupled to keyhole limpet hemocyanin (Eurogentec, Seraing, Belgium). The polyclonal antibodies were affinity-purified with the MPP4 peptide conjugated to an EAH-Sepharose column. The affinity-purified antibody was used at a 1:1000 dilution for Western blot analysis and a 1:400 dilution for immunofluorescence.
Other antibodies used for immunofluorescence included mouse monoclonal anti-PSD-95 clone 7E3-1B8 (1:200; Affinity Bioreagents, Golden, CO), anti-VGLUT1 clone F123 (1:500; Synaptic Systems, Göt-tingen, Germany), anti-calbindin D-28K clone CB-955 (1:500; SigmaAldrich, St. Louis, MO), anti-calretinin clone CRT01 (1:50; NeoMarkers, Fremont, CA), anti-PKC␣ clone MC5 (1:200; Sigma-Aldrich), rat olfactory bulb (ROB) clone 115A10 (1:2000; kindly provided by Shinobu C. Fujita, Mitsubishi Kasei Institute of Life Sciences, Tokyo, Japan), antiglutamine synthetase (1:1000; kindly provided by Andreas Reichenbach, University of Leipzig, Leipzig, Germany), anti-rhodopsin clone 1D4 17 (1:40) and anti-RS1 clone 3R10 18 (1:50). The latter two clones were kindly provided by Robert S. Molday (University of British Columbia, Vancouver, BC, Canada). The chicken anti-RP1 antibody 19 (1:500) was a generous gift of Eric A. Pierce (University of Pennsylvania, Philadelphia, PA). The monoclonal antibody K26 20 (1:10) was kindly provided by Joseph C. Besharse (Medical College of Wisconsin, Milwaukee, WI).
Protein Extracts from Tissues, SDS-PAGE, and Western Blot Analysis
Fresh bovine and porcine eyes, as well as bovine brain stem, heart, and lung were obtained from the local abattoir and stored at Ϫ80°C. Frozen bovine tissues were homogenized in urea buffer
, sonicated, and centrifuged at 16,000g for 10 minutes at 4°C. Proteins in the supernatant were added to SDS sample buffer and separated by SDS-PAGE on 10% gels. For Western blot analysis, proteins were electrophoretically transferred onto polyvinylidene difluoride membranes. After the blots were blocked in PBS containing 1% nonfat dry milk, the membranes were labeled with the primary antibody for 1 hour at room temperature followed by goat anti-rabbit IgG conjugated to horseradish peroxidase (Calbiochem, San Diego, CA). Western blots were developed by chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate; Perbio, Bonn, Germany).
Fractionation of Bovine Retina
Frozen bovine retina was homogenized in 1 mL hypotonic buffer (10 mM Tris-HCl [pH 7.4] and 1 mM EDTA containing 1 mM protease inhibitor [Pefabloc SC; Roche Diagnostics, Mannheim, Germany]) at 4°C. Cell debris and nuclei were removed by low-speed centrifugation (1000g). The supernatant was separated into soluble (S2) and membrane (P2) fractions by high-speed centrifugation at 100,000g for 30 minutes at 4°C. The P2 pellet was resuspended in 0.8 mL hypotonic buffer, and 0.2 mL was added to an equal volume of four different extraction buffers (buffer A: 2% Triton X-100, 0.3 M NaCl; buffer B: 0.4% SDS, 0.3 M NaCl; buffer C: 0.2 M CHAPS, 2.0 M NaCl; buffer D: 0.4 M Na 2 CO 3 [pH 11.0]). After a 30-minute incubation at 4°C with gentle stirring, the suspensions were spun down at 100,000g for 30 minutes at 4°C. The resultant pellets (P3) were dissolved in 0.4 mL hypotonic buffer containing 4% SDS. For SDS-PAGE, 20 L of P3 and supernatant (S3) fractions were mixed with SDS loading buffer and electrophoretically separated on a 10% gel.
Immunofluorescence Labeling
Bovine and porcine posterior eye cups were immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB; [pH 7.4]) for 2 to 4 hours. After they were rinsed several times in 0.1 M PB, the eyes were 
RESULTS
Isolation of the Full-Length Bovine MPP4 cDNA
Characterization of Polyclonal Antibodies to MPP4
Antibodies recognizing proteins in bovine retina have often been a valuable tool for immunohistochemical and biochemical studies in vision research. 20, 21 To generate a polyclonal antiserum against bovine MPP4, rabbits were immunized with synthetic peptides corresponding to regions of bovine MPP4 that demonstrated no homology to other members of the p55 subfamily of membrane-associated guanylate kinases. Serum samples were tested for specificity by Western blot analysis of glutathione-S-transferase fusion proteins containing the corresponding MPP4 peptides (data not shown). Antisera showing positive responses were further purified by affinity chromatography. The antibody EP119 raised against the N-terminus of bovine MPP4 (aa 2-16) was found to recognize specifically a protein of approximately 70 kDa on Western blot analysis containing bovine retinal extracts (Fig. 1A) , which is in agreement with the predicted molecular mass of MPP4. No signals were detected in protein samples extracted from bovine brain stem, lung, and heart, confirming our earlier findings that MPP4 is expressed in the retina. 16 The specificity of the EP119 antibody was further confirmed by the lack of anti-MPP4 immunoreactivity in the preimmune serum (Fig. 1A) . In addition, a protein migrating at 70 kDa was detected in Ebna-293 cell lysates transfected with a full-length MPP4 expression construct but not in cell extracts transfected with a control plasmid (Fig. 1B) . From these data, we concluded that the affinitypurified polyclonal anti-MPP4 antibody EP119 specifically recognizes the MPP4 protein.
Distribution of MPP4 in Bovine and Porcine Retina
The anti-MPP4 antibody EP119 was used to examine the cellular distribution of MPP4 in cryosections of mammalian retinas by immunofluorescence microscopy. In addition to bovine tissue, the antibody worked well on porcine retina but did not show labeling on mouse or human retinal sections. In both ungulates, a similar pattern of immunostaining in the outer and inner parts of the retina was observed (Fig. 2) . This included strong labeling of the junctions between the outer segments (OS) and IS of photoreceptors and the synaptic structures of the OPL, IPL, and fiber layer (FL). Three strata of varicose MPP4-positive terminals were distinguishable in the IPL, wherein the central immunopositive band appeared to be broader in pig than in cow (Figs. 2B, 2E ). In porcine but not in bovine retina, cell bodies of presumptive bipolar cells in the outer and central inner nuclear layer (INL), as well as their axonal processes descending into the different strata of the IPL, were moderately labeled (Fig. 2F) . Weak MPP4 immunoreactivity was also detected in the IS of cone photoreceptors and the OLM. Preabsorption with excess MPP4 peptide abolished the labeling of the affinity-purified anti-MPP4 antibody EP119, confirming the specificity of the MPP4 staining in the retina (data shown for bovine retina in Fig. 2C ).
MPP4 in the Connecting Cilia of Cone and Rod Photoreceptors
To better define the subcellular localization of MPP4 at the link between photoreceptor OS and IS we compared the MPP4 staining on porcine and bovine sections with markers known to be expressed in or adjacent to this ciliary structure. Doublelabeling with the anti-MPP4 and the anti-rhodopsin antibodies demonstrated no overlap between the rhodopsin expression in the rod outer segments (ROS) and the dotlike arrangement of the MPP4 protein (Fig. 3A) . This clearly places the MPP4 proximal to the ROS. MPP4 was also present at the IS-OS 
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Localization of MPP4 in the Retina 5069 junction in cones, as determined by double-labeling with the anti-MPP4 antibody and peanut agglutinin (PNA), which is known to stain the extracellular matrix that ensheaths cones (Fig. 3B) . The RP1 protein has been reported to be distributed along the axonemal microtubules of the connecting cilia in a longitudinal orientation. 19 More recently, however, the expression of RP1 has been refined to a region distal to the cilium extending into the proximal OS. 21 Double-labeling using anti-MPP4 in conjunction with anti-RP1 antibodies showed the MPP4-stained dots to be immediately proximal to the elongated RP1 structures in rod and cone photoreceptors (Fig. 3C) . The RS1 protein is expressed in and secreted by photoreceptor and bipolar cells and has recently been localized to the IS of rod and cone photoreceptors in several mammalian species where it is assumed to be distributed along the surface membranes. 18 In pig, the MPP4 protein was found to be located distal to the RS1 staining of the rod IS (Fig. 3D) . Close inspection of the merged image revealed that the MPP4 puncta were precisely localized in a small space at the distal end of the rod IS that showed no RS1 membrane labeling. In cones, MPP4-stained dots were detected at the distal tips of cone IS, a region that was most intensely labeled by the RS1 antibody (Fig. 3D) . Finally, double-labeling with the anti-MPP4 antibody and the monoclonal antibody K26 revealed that the MPP4-immunoreactive dots completely coincided with the K26-positive puncta (Fig. 3E) . K26 specifically recognizes an unidentified epitope in connecting cilia of bovine photoreceptors. 20 Taken together, the results of the double-labeling experiments suggest that the MPP4 protein is highly concentrated in the connecting cilia of rod and cone photoreceptors.
Expression of MPP4 in the OPL
We next sought to characterize further MPP4 immunoreactivity in the OPLs of bovine and porcine retinal sections. In the OPL of the bovine retina, the anti-MPP4 antibody was observed to label intensely the membranes of cone pedicles and rod spherules. This was verified by double-labeling with the anti-MPP4 antibody in combination with antibodies to VGLUT1, which is a vesicular glutamate receptor expressed in the synaptic vesicles of photoreceptor terminals.
22 MPP4-positive presynaptic membranes ensheathed the VGLUT1 immunolabeling in the photoreceptor cells (Fig. 4A) . In addition, MPP4 colocalized with membrane-associated PSD-95 at the basal membranes of the photoreceptor terminals (Fig. 4B) . On porcine sections, the MPP4 staining of the cone and rod terminals appeared to be weaker but essentially coincided with the PSD-95 immunolabeling (Fig. 4C) . The available VGLUT1 antibody did not label the porcine retina.
In bovine, but more prominent in porcine retina, additional MPP4-immunopositive structures were observed in the OPL. This non-photoreceptor staining was most intense below presumptive cone pedicles along the outer margin of the OPL. As a first step in analyzing the nature of the postsynaptic elements in the OPL we labeled retinal sections with an antibody directed against calretinin, a calcium-binding protein that is expressed in horizontal cells of mammals. 23, 24 In porcine and bovine retinas, the calretinin antibody labeled the cell bodies of horizontal cells in the outer part of the INL. Stained processes and punctate structures represent invaginating horizontal cell tips that contact the photoreceptor terminals (Figs. 4D,  4E ). On double-labeling, the MPP4 immunoreactivity appeared to be different from the calretinin-labeled horizontal processes (Figs. 4D, 4E ). An antibody against ROB that has been found to label rod bipolar cells and a subset of ON cone bipolar cells in vertebrates 25, 26 was applied in conjunction with the anti-MPP4 antibody. The merged image showed an overlap between the ROB-immunoreactive dendrites and the MPP4-positive structures but also revealed several diffuse fibers in the inner OPL that were labeled only by the anti-MPP4 antibody (shown for porcine retina in Fig. 4F ). From this, we conclude that the anti-MPP4 antibody EP119 produces specific labeling of presynaptic membranes in rod and cone photoreceptors and stains structures in the inner part of the OPL that presumably include the membranes of bipolar cell dendrites.
Expression of MPP4 in the Inner Retina
Two bipolar cell markers were used to study more precisely the subset of neurons labeled by the anti-MPP4 antibody in pig (Figs. 5A-D) . The antibody directed against PKC␣ stained the rod bipolar cell perikarya located in the outer part of the INL with their axons terminating close to the IPL-GCL border. Double-labeling with the anti-MPP4 antibody showed no immunoreactivity of MPP4 in rod bipolar cells and is consistent with the absence of MPP4-positive terminals in the outermost sublamina of the IPL (Figs. 5A, 5B) . The ROB antibody labeled rod and many cone bipolar cell bodies in the outer and central INL and produced a homogenous immunostaining in the IPL with two more intensely labeled bands at the more distal border and the center of the IPL. When this section was stained with the anti-MPP4 antibody, only a few ROB-positive bipolar cells expressed MPP4 (Figs. 5C, 5D ), suggesting that MPP4 is (Figs. 5E, 5F ). Similar results were obtained in bovine retina (data not shown).
Subcellular Distribution of MPP4
Immunofluorescence staining of Ebna-293 cells expressing bovine MPP4 showed a predominant localization of MPP4 to the plasma membrane (Fig. 6A ). To investigate a plasma membrane association of MPP4 in native tissue, subcellular fractionation of bovine retina was performed that revealed an enrichment of MPP4 in the crude membrane (P2) fraction. In extraction experiments of P2 membranes with several agents, MPP4 was largely resistant to solubilization with the nonionic detergent Triton X-100 (Fig. 6B) . In contrast, the ionic detergent SDS completely solubilized MPP4. A mixture of the zwitter ionic detergent CHAPS and high salt and alkaline conditions also solubilized significant amounts of MPP4 (Fig. 6B) , indicating that MPP4 is not an integral membrane protein but is associated with membrane-bound cytoskeletal elements in the retinal tissue.
DISCUSSION
The knowledge about the cellular localization of a protein in the highly specialized multilayered retina often provides important hints as to its function in vivo. In the present study, the retina-specific MPP4 protein was found to be localized to several distinct spatial and functional compartments in the outer and inner parts of the mammalian retina. In both rod and cone photoreceptors of bovine and porcine eyes, MPP4 was specifically expressed in the connecting cilia and the synaptic membranes of cone pedicles and rod spherules, domains within the sensory neurons that have unique structures and functions. MPP4 was also found postsynaptic to the photoreceptor ribbon synapses in the OPL and in three defined laminar structures in the IPL. Although the presence and functional importance of MAGUK proteins at cell junctions including synapses is a common feature among the various members of this protein family, MPP4 is the first MAGUK protein that has been localized to ciliary structures. The connecting cilium is a narrow bridge linking the lightperceiving OS with the IS that contains the protein synthesis machinery. It is homologous to the transitional zone of a motile cilium 27 and encompasses the microtubule-based axoneme that arises from the basal body at the tip of the IS and runs through the entire length of the cilium into the proximal OS. Two major roles in photoreceptor function have been assigned to the connecting cilium: the active transport of newly synthesized molecules (e.g., phototransduction proteins, disc lipids) from the IS to the basis of the OS 28, 29 and disc membrane morphogenesis. 30 The latter takes place within small actincontaining domains at the base of the OS where membrane proteins are incorporated into evaginating plasma membranes that form the nascent disks. 31 On the basis of what is known about other MAGUK family members, it is intriguing to speculate that MPP4 participates in ciliary function by providing a link between components of the cytoskeleton and the plasma membrane or cell surface molecules, thereby contributing to the stability of the cilium and the maintenance of distinct membrane domains. MAGUK protein p55/MPP1, for example, interacts with glycophorin C and protein 4.1 to form a ternary complex in the erythrocyte membrane that regulates the stability and mechanical properties of the erythrocyte plasma membrane. 32 CASK also interacts with protein 4.1 and nucleates the assembly of actin/ spectrin filaments. 33 A different cytoskeletal link has been demonstrated for PSD-93 that interacts with microtubule-associated protein 1A (MAP1A) through its guanylate kinase domain. 34 Future studies to identify interactions between MPP4 and other ciliary proteins are likely to elucidate further the role of MPP4 in the connecting cilium.
In recent years, several proteins have been identified as part of the ciliary apparatus of photoreceptors including components of the microtubule and actin cytoskeleton 35, 31 ; nonconventional cytoskeletal proteins (centrin and myocilin) 36, 37 ; KIF3A, a kinesin motor protein 38 ; unconventional myosin 40 ; and the RP1 protein, a putative member of the protein transport machinery. 19 The latter four proteins are products of genes that have been implicated in different forms of retinal degeneration-namely, retinitis pigmentosa (RPGR and RP1), 41, 42 Leber congenital amaurosis (RPGRIP), 43 and Usher syndrome 1B. 44 The mutational analysis of the MPP4 gene in 300 patients with retinitis pigmentosa (RP) and a family with autosomal recessive RP genetically linked to the MPP4 locus on the long arm of chromosome 2 at bands 2q31-33 (RP26) revealed no pathologic mutations. 45 RP, however, is a genetically and clinically heterogenous group of retinal degenerations and an implication of MPP4 in this or other forms of retinopathy is still conceivable.
Unlike PSD-95, PSD-93, SAP102, and SAP97, the expression of which is restricted to either the pre-or postsynaptic site of the photoreceptor synapse, MPP4 seems to be present on both sides of the synaptic cleft. At the membrane of the photoreceptor terminal, MPP4 appears to colocalize with PSD-95. It has been demonstrated that PSD-95 binds to other MAGUK family members and this interaction is mediated by heterodimerization of the respective L27 domains.
46 MPP4 possesses two tandem L27 motifs in its N-terminal half that makes it an attractive binding partner for PSD-95 in the photoreceptor synapse.
The double-labeling experiments performed in this study suggest that the MPP4 immunoreactivity in the postsynaptic OPL and in the IPL is mainly due to MPP4 expression in bipolar cells dendrites and their axonal terminals, respectively. This is consistent with the observation that a specific subset of cone bipolar cells was labeled by the anti-MPP4 antibody on porcine sections. That bovine bipolar cells do not show any detectable MPP4 staining can be attributed to the well-known speciesspecific differences in bipolar cell markers. 47 To determine precisely the origin of the postsynaptic structures in the OPL and the three labeled strata in the IPL, more detailed investigations with additional markers and higher resolution microscopy are necessary.
A close relative of MPP4, the zebrafish orthologue of MPP5 has been localized apical to the OLM in zebrafish retina, 15 a region that is preferentially labeled by antibodies to Drosophila Crumbs and mouse Crb1, putative binding partners of orthologous MPP5 proteins. 13 The photoreceptor IS and OLM structures of bovine and porcine retina were faintly positive for MPP4. However, a concentration of MPP4 protein in or adjacent to the OLM was not detected with the antibody used in this study. This suggests that MPP4 and -5 are part of different molecular complexes in the mammalian retina.
The multiple subcellular locations of MPP4 in bovine and porcine retinas implies that MPP4 contributes to several functional aspects of the mammalian retina. Preliminary biochemical data showed that MPP4 is largely resistant to detergent solubilization of retinal membranes which is consistent with MPP4's being associated with elements of the ciliary and synaptic cytoskeleton underlying the plasma membranes. Additional functional analyses are needed to define more closely the components of the putative protein complexes organized by MPP4. This, in turn may provide insight into its function and may possibly clarify its potential role in retinal diseases.
